abstract: Spermiogenesis in the amphilinidean cestode Amphilina foliacea (Rudolphi, 1819) was examined using transmission electron microscopy. The orthogonal development of the two flagella is followed by a flagellar rotation and their proximodistal fusion with the median cytoplasmic process. This process is accompanied by extension of both the mitochondrion and nucleus into the median cytoplasmic process. The two pairs of electron-dense attachment zones mark the lines where the proximodistal fusion of the median cytoplasmic process with the two flagella takes place. The intercentriolar body, previously undetermined in A. foliacea, is composed of three electron-dense and two electron-lucent plates. Also new for this species is the finding of electron-dense material in the apical region of the differentiation zone at the early stage of spermiogenesis, and the fact that two arching membranes appear at the base of the differentiation zone only when the two flagella rotate towards the median cytoplasmic process. The present data add more evidence for a close relationship between the Amphilinidea and the Eucestoda.
Ultrastructural data on spermiogenesis and sperm morphology have the potential to contribute significantly to phylogenetic analyses within the Platyhelminthes (Euzet et al. 1981 , Świderski 1986 , Justine 1998 , 2001 , 2003 , Hoberg et al. 2001 , Bruňanská 2010 ). In the Amphilinidea, a group possessing unique genes and genomes (Waeschenbach et al. 2012) , sperm development has been studied in three species: Amphilina foliacea (rudolphi, 1819), A. japonica (goto et ishii, 1936) and Austramphilina elongata Johnston, 1931 (Bazitov et al. 1979 , Rohde and Watson 1986 , Xylander 1986 , 1993 . These observations describe the basic pattern of the developing male gametes; however, a full reconstruction of the process of spermiogenesis has not been attempted within the Amphilinidea. In addition, there are still questions concerning the presence/absence and morphology of the characters, recently considered to be of importance for phylogenetic studies (e.g. the intercentriolar body), in this group of cestodes.
Therefore, the present contribution deals with the process of spermiogenesis in A. foliacea, a parasite of Acipenser stellatus Pallas, in order to complete our knowledge of male gametogenesis and to provide additional data for phylogenetic analyses.
Materials and Methods
Specimens of Amphilina foliacea were obtained from the body cavity of naturally infected specimens of the stellate sturgeon Acipenser stellatus caught in the Caspian Sea basin of the Lower Volga River, Russia. Live worms were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 for 20 days at 5 °C. Small pieces of worms were rinsed in a 0.1 M sodium cacodylate buffer at pH 7.4 and postfixed in cold (5 °C) 1% osmium tetroxide in the same buffer for 1 h. The material was dehydrated in a graded series of ethanol and acetone, and embedded in Araldite and Epon. Ultrathin sections (70-90 nm) were stained with uranyl acetate and lead citrate, and examined in a JEOL-1011 transmission electron microscope operating at 80 kV. resUlts the testes of Amphilina foliacea contain male gametes at various developmental stages, including spermatids. The first sign of ongoing spermiogenesis is the formation of a differentiation zone situated at the periphery of each spermatid (Figs. 1A, 4A ). This is a conical protrusion containing two centrioles with rootlets. the centrioles change their orientation and become arranged in the same plane, when the intercentriolar body appears between them (Figs. 1B-D, 4B ). This intercentriolar body is com- Fig. 1 . Early and advanced stages of spermiogenesis in Amphilina foliacea. a -formation of the centriole with striated rootlet in the apical region of the zone of differentiation; B -a differentiation zone contains two centrioles (only one visible) with striated rootlet, apical electron-dense material, an intercentriolar body and cortical microtubules; C -centriole giving rise to a flagellum; d -cross-section of the differentiation zone at the level of a basal portion of the intercentriolar body; note a continuous row of cortical microtubules; e -free flagella undergo a rotation; inset: detail of the intercentriolar body composed of three electron-dense plates delimiting two electron-lucent zones; F -formation of the median cytoplasmic process in advanced stages of spermiogenesis; note a large mitochondrion extended into the median cytoplasmic process; G -detail of the striated rootlet. Abbreviations: AM -arching membranes; C -centriole; CM -cortical microtubules; DM -apical electron-dense material; F -flagellum; ICB -intercentriolar body; M -mitochondrion; MCP -median cytoplasmic process; N -nucleus; SR -striated rootlet. In crosssections, cortical microtubules form a ring at the periphery of the differentiation zone (Fig. 1D) . Each of the two centrioles gives rise to a flagellum, which grows outwards (Figs. 1C, 4C ). While a median cytoplasmic process develops, the flagella undergo rotation (Figs. 1E, 4D) . At this stage, a ring of arching membrane is formed at the base of the differentiation zone (Fig. 1F) . Each of the centrioles is associated with a pyramidal striated rootlet, which is initially orientated perpendicularly to the longitudinal axis of the centriole (Figs. 1E, 4B ). Early during this process, the striated rootlet measures about 0.7 μm (Fig. 1E ), but it grows in size up to 3.5 μm during the later stages of development ( Fig. 2A) . The rootlet has a transverse striation composed of thick (~20 nm) and very thin electron-dense plates located in a moderately electron-dense matrix. Two distinct electron-dense plates and an interposed thin electron-dense plate are regularly arranged in pairs with an interstrial distance of 30 nm. The distance between two neighbouring pairs of electron-
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Fig. 2.
Advanced stages of spermiogenesis in Amphilina foliacea. a -longitudinal section through the spermatid showing the migration of the mitochondrion towards the median cytoplasmic process at the level of the arching membranes; B -longitudinal section of the differentiation zone in the advanced stages of spermiogenesis; the centriole and the striated rootlet have a parallel central axis; the nucleus migrates towards the base of the striated rootlet; C -longitudinal section of the median cytoplasmic process (MCP) and a free flagellum before the fusion of the flagella with the MCP; d -cross-section through the MCP and free flagellum; peripheral microtubules line the lateral sides of the MCP; free flagellum is of the 9 + "1" type; e -cross-section through the McP after its fusion with a free flagellum; scattered patches of electron-dense material (small arrow) are present; F -cross-section through two axonemes incorporated into the MCP. Abbreviations: AM -arching membranes; Ax -axoneme; C -centriole; CM -peripheral microtubules; F -flagellum; M -mitochondrion; MCP -median cytoplasmic process; N -nucleus; SR -striated rootlet. Scale bars: A, B, D, F = 1 μm; C = 2 μm; E = 0.5 μm.
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dense plates is ~120 nm. A periodic unit of the striated rootlet measures 220 nm (Fig. 1F, G) . Both flagella grow and rotate towards the median cytoplasmic process (Figs. 2A, 4D , E). The arching membrane lines the proximal extremity of the differentiation zone (Figs. 1F, 2A , 3A, C). It consists of a double membrane located beneath the cell membrane of the spermatid. During flagellar rotation, an enlarged mitochondrion Fig. 3 . Advanced and final stages of spermiogenesis in Amphilina foliacea. a -longitudinal section through the well-developed median cytoplasmic process during the migration of the mitochondrion and nucleus; note evident fusion of several mitochondria in the region below the arching membranes; B -longitudinal section showing the centriole with a striated rootlet, mitochondrion and nucleus in a late spermatid at the end of spermiogenesis; C -late spermatid pinched off from the residual cytoplasm at the final stage of spermiogenesis; d -longitudinal section through a late spermatid; e -cross-section through a late spermatid containing two axonemes, a mitochondrion and cortical microtubules; F -cross-section through the nucleated region of a late spermatid; G -posterior part of the late spermatid containing the reduced profile of a nucleus; h -posterior part of the late spermatids more distally, with the nucleus absent; i -terminal cytoplasmic expansion corresponding to the posterior extremity of the late spermatids, which occur in the testicular lumen. Abbreviations: AM -arching membranes; Ax -axoneme; AZ -attachment zones; C -centriole; CE -cytoplasmic expansion; CM -cortical microtubules; M -mitochondrion; MCP -median cytoplasmic process; N -nucleus; S -spermatid; SR -striated rootlet. Scale bars: A-D = 2 μm; E-I = 0.5 μm.
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is directed towards the striated rootlets (Figs. 2A, 4E) . When the centriole of one of the two flagella becomes oriented parallel to the median cytoplasmic process, the nucleus follows the mitochondrion into the cytoplasmic process (Fig. 2B ). longitudinal and cross-sections reveal a swollen median cytoplasmic process and a continuous row of cortical microtubules at this stage of spermiogenesis (Fig. 2C, D) . Free flagella approach the median cytoplasmic process prior to fusing with its surface.
cross-sections showing one (Fig. 2E) or two (Fig. 2F ) incorporated flagella indicate an unequal length of the two free flagella, which grow during spermiogenesis. After the proximodistal fusion has started, the mitochondrion migrates toward the median cytoplasmic process, followed by the now elongated nucleus (Figs. 3A, 4F) . Shortly before the migration of the nucleus into the median cytoplasmic process has finished, the diameter of the zone of differentiation decreases and the striated rootlet associated with the basal body can only be observed occasionally in the spermatid body (Fig. 3B) . At the end of spermiogenesis, spermatids are pinched off from the residual cytoplasm ('residual body') at the level of the arching membranes (Figs. 3C, 4G ).
longitudinal and cross-sections through the late spermatids show that the incorporated axoneme exhibits a typical 9 + "1" structure ( Fig. 3D-F) . Two opposite rows of cortical microtubules line the periphery of the late spermatid in the region of the mitochondrion (Fig. 3E ) and electron-lucent nucleus (Fig. 3F) . Four small electron-dense plaques, indicating the attachment zones where the axonemes were incorporated into the sperm body during spermiogenesis, are located beneath the plasma membrane (Fig. 3F) . Cross-sections through the distal part of the spermatid show the nucleated and anucleated regions (Fig. 3G, H) . The posterior extremity of the late spermatid is represented by a narrow cytoplasmic extension lined by up to 11 cortical microtubules (Fig. 3i) . Spermiogenesis in Amphilina foliacea follows the basic pattern described for other members of the Amphilinidea (see Rohde and Watson 1986, Xylander 1986) . it includes the presence of two centrioles with typical striated rootlets in the zone of differentiation, the formation and rotation of two free flagella, a proximodistal fusion, and the migration of a mitochondrion and nucleus into the spermatid body. In addition, the present study has revealed, for the first time, the occurrence of: (1) apical electron-dense material in the early stages of spermiogenesis; (2) an intercentriolar body; and (3) significant ultrastructural differences in the distal part of spermatozoa from the testicular cavity and those from the sperm ducts of A. foliacea.
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To date, apical electron-dense material has not been reported either in the Amphilinidea or the Gyrocotylidea (see Xylander 1986 Xylander , 1989 . This remarkable character has been found in some other tapeworms, e.g. caryophyllideans (Bruňanská and Poddubnaya 2006 , Gamil 2008 , Miquel et al. 2008 , Bruňanská 2009 , 2010 , Yoneva et al. 2011 , 2012a , b, Bruňanská and Kostič 2012 , spathebothriideans (Bruňanská et al. 2006, Bruňanská and Poddubnaya 2010) , bothriocephalideans (Bruňanská et al. 2001 , Levron et al. 2005 , 2006a , Šípková et al. 2010 , 2011 , Marigo et al. 2012a , diphyllobothriideans (Levron et al. 2006b (Levron et al. , 2009a (Levron et al. , 2013 and proteocephalideans (Marigo et al. 2012b ). Apical electron-dense material has never been reported during spermiogenesis in the Digenea or Monogenea.
The intercentriolar body was not described in the previous study of A. foliacea by Xylander (1986 Xylander ( , 1993 and, consequently, this structure was considered incorrectly to have been lost secondarily in amphilinideans (Watson and Rohde 1995) . The present paper shows that the intercentriolar body is present during spermiogenesis of A. foliacea and consists of three electron-dense plates delimited by two electron-lucent zones. Intercentriolar bodies of similar structure have been described in some caryophyllideans (Miquel et al. 2008 , Bruňanská 2009 , 2010 , Yoneva et al. 2011 , 2012a , b, Bruňanská and Kostič 2012 , spathebothriideans (Bruňanská et al. 2006, Bruňanská and Poddubnaya 2010) , bothriocephalideans (Levron et al. 2005 , 2006a , Šípková et al. 2010 , 2011 , Marigo et al. 2012a ) and mesocestoidid 'cyclophyllideans' (Miquel et al. 2007) . A more developed intercentriolar body composed of up to five electron-dense plates has been reported in the amphilinidean Austramphilina elongata (by Rohde and Watson 1986), and diphyllobothriideans (Levron et al. 2006b (Levron et al. , 2009a (Levron et al. , 2013 . Six electron-dense plates from an intercentriolar body have been reported in the Aspidogastrea (Levron et al. 2009b) , whereas seven electron-dense layers were found in trypanorhynch cestodes (McKerr 1985) , most species of the Digenea (Bakhoum et al. 2012 ) and polyopisthocotylean Monogenea (Quilichini et al. 2009 ). the latter authors argued that the intercentriolar body is different in the Digenea and polyopisthocotylean Monogenea. Intercentriolar bodies are considered to be absent during spermiogenesis in the Monopisthocotylea (Justine 1998). This indicates a gradual reduction of the intercentriolar body in the Neodermata.
A mitochondrion is an important component of the spermatozoon in parasitic Platyhelminthes. It occurs in the spermatozoa of most members of the Neodermata studied, but is absent in the Eucestoda -its absence is thus an autapomorphy of this group (Xylander 1989 , 2001 , Justine 1998 . Numerous mitochondria have been described in the zone of differentiation during spermiogenesis in amphilinideans (Xylander 1986, Rohde and Watson 1986 ). The present study illustrates, however, that several small mitochondria may fuse to form a single large mitochondrion, which migrates into the median cytoplasmic process, as shown by Burton (1972) for the Digenea. In contradiction to the statement that the mitochondria migrate into the cytoplasmic process after the nucleus in most digeneans (Burton 1972) and in some amphilinideans (Rohde and Watson 1986), we observed a prenuclear migration of the mitochondrion in A. foliacea. this type of mitochondrial migration has also been described in some digeneans (Cifrian et al.1993 , Gracenea et al. 1997 , Bakhoum et al. 2011 .
In the present study, the distal part of the spermatid of A. foliacea is shown to exhibit ultrastructural differences compared to the mature spermatozoon from sperm ducts or the seminal receptacle (Xylander 1986 , Bruňanská et al. 2012 . Gametes from the testes taper at the distal extremity to form a cytoplasmic expansion containing the nucleus and some cortical microtubules. To date, a similar tapering of the spermatozoon has not been described for the Amphilinidea. It is present in the proximal end of the spermatozoon of the monocotylid monogenean Troglocephalus rhinobatidis Young, 1967, in a progenetic trematode Bucephaloides gracilescens (rudolphi, 1819) (now Prosorhynchoides borealis) and in the distal extremity of male gametes from testes of the spathebothriidean tapeworm Cyathocephalus truncatus (Pallas, 1781) (Watson 1997 , Erwin and Halton 1983 , Bruňanská et al. 2006 . It should be noted that, in the latter studies on the monocotylid and the trematode, the proximal region of the spermatozoon corresponds to the post-nuclear region. thus, it is identical with the distal region of the spermatozoon of A. foliacea since the nucleus marks the distal part of the spermatozoon in the Digenea, Monogenea Mattei 1982, 1983) and cestoda (Bâ et al. 1991) .
On the other hand, the distal region of the spermatozoa of A. foliacea from the sperm ducts and the seminal receptacle contains only the nucleus and no cytoplasmic expansions were observed (Bruňanská et al. 2012 ). This region thus resembles the spermatozoon of the spathebothriidean C. truncatus (see Bruňanská et al. 2006) . Moreover, the nucleus also occurs more frequently in the posterior extremity of mature digenean spermatozoa (see levron et al. 2004) .
Finally, we can conclude that A. foliacea shares some characteristics of spermiogenesis with both the digeneans and some of the 'lower' cestodes (e.g. the presence of an intercentriolar body and the ultrastructure of the posterior extremity of both the spermatid and the mature spermatozoon). Migration of the mitochondrion into the developing spermatid during spermiogenesis in the Amphilinidea, Gyrocotylidea, Monogenea and Trematoda, but not in the Eucestoda, shows that this pattern belongs to the underlying pattern of the Neodermata. In addition, the pattern of spermiogenesis in A. foliacea indicates a sister group relationships between the Amphilinidea and the Eucestoda, as indicated previously by molecular analyses (Waeschenbach et al. 2012 ) and many morphological and biological characteristics (Xylander 2001) .
